We studied a human protein paralog cluster formed by 38 nonredundant sequences taken from the Swiss-Prot database and its supplement, TrEMBL. These sequences include nuclear receptors, nuclear-receptor factors and nuclear-receptor-like orphans. Working separately with both the central cysteine-rich DNA-binding domain and the carboxy-terminal ligand-binding domain, we performed multialignment analyses that included drawings of paralog trees. Our results show that the cluster is highly multibranched, with considerable differences in the amino acid sequence in the ligand-binding domain (LBD), and 17 proximal subbranches which are identifiable and fully coincident when independent trees from both domains are compared. We identified the six recently proposed subfamilies as groups of neighboring clusters in the LBD paralog tree. We found similarities of 80%-100% for the Nterminal transactivation domain among mammalian ortholog receptors, as well as some paralog resemblances within diverse subbranches. Our studies suggest that during the evolutionary process, the three domains were assembled in a modular fashion with a nonshuffled modular fusion of the LBD. We used the EMBL server PredictProtein to make secondary-structure predictions for all 38 LBD subsequences. Amino acid residues in the multialigned homologous domains-taking the beginning of helix H3 of the human retinoic acid receptor-␥ as the initial point of reference-were substituted with H or E, which identify residues predicted to be helical or extended, respectively. The result was a secondary structure multialignment with the surprising feature that the prediction follows a canonical pattern of alignable ␣-helices with some short extended elements in between, despite the fact that a number of subsequences resemble each other by less than 25% in terms of the similarity index. We also identified the presence of a binary patterning in all of the predicted helices that were conserved throughout the 38-sequence sample. Our results fit well with a recently proposed evolutionary model that combines protein secondary structure and amino acid replacement. We propose a new hypothesis for molecular evolution, in which chaperones-acting as an endogenous cellular device for selection-play a crucial role in preserving protein secondary structure.
Introduction
Members of the steroid/thyroid/retinoid hormone receptor superfamily are related ligand-dependent factors that can activate or repress transcription from response elements by binding to DNA (Gronenmeyer and Laudet 1995; Mangelsdorf et al. 1995) . Three independent functional domains have been identified in these proteins: the N-terminal transactivation domain (NTD) which considerably varies in size (human receptors have been reported to have between 10 and 600 amino acid residues) and which is responsible for the expression of hormone-regulated genes; a central cysteine-rich DNA-binding region of some 65 residues, the characteristic patterns of which are based on two zinc finger motifs (C4 type); and a carboxy-terminal hormone-binding region of some 210-230 residues. At the beginning of the present decade, the DNA-binding domain (DBD) was studied from the structural point of view. Its three-dimensional structure was determined for glucocorticoid, estrogen, and retinoic acid receptors by nuclear magnetic resonance spectroscopy and distance geometry (Hard et al. 1990; Schwabe, Newhaus, and Rhodes 1990; Knegtel et al. 1993; Lee et al. 1993 ) and was predicted with 96%-97% accuracy for all members of the steroid/thyroid/retinoid receptor superfamily (Nakata 1995) . More recently, the crystal structures of the ligand-binding domain (LBD) for the rat ␣ 1 thyroid hormone receptor, the human retinoic acid receptor-␥ bound to all-trans retinoic acid, and the human retinoid-X receptor-␣ were resolved at high resolution (Bourguet et al. 1995; Renaud et al. 1995; Wagner et al. 1995) . The three structures have a new three-layered fold in common which is based on a single domain and made up of more than 10 ␣-helices and a few short ␤-strands. Despite the fact that the receptors belong to three evolutionarily distinct branches of the nuclear receptor superfamily, the LBD structures of the three molecules belong to a unique new folding-the antiparallel ␣-helical sandwich-of the ''mainly ␣-helical'' structural class, with an almost identical secondary structure. Based on the observed similarities, a canonical structure for the LBD has been proposed in which a common hydrophobic ligand-binding pocket is inferred (Wurtz et al. 1996) . This canonical structure was incorporated into a general alignment of the LBDs of all nuclear receptors (Wurtz et al. 1996) .
Precise knowledge of the structural organization and assembly of the three domains is essential if we are to find out more about the functioning of the machinery of the steroid/thyroid/retinoid receptors (translocation of cytosolic receptors to the nucleus, modulation of receptor dimerization, binding strength of the ligands, and interaction with the individual DNA response elements). Interest has increased with the gradual discovery of nuclearreceptor-like factors and orphans which have three do-main sequences, the central and the C-terminal ones being alignable with the two corresponding domain sequences described for the nuclear receptor superfamily (Laudet et al. 1992; Detera-Wadleigh and Fanning 1994) .
With the advent of two crucial publications describing the first complete genome sequences (Fleischmann et al. 1995; Fraser et al. 1995) , new sequence analysis strategies have been developed which enable higher-level genomes to be compared (Koonin, Mushegian, and Rudd 1996; Ouzounis et al. 1996) . These strategies provide the basis for studying inter-and intraspecies sequence conservation, such as paralog clusters (also known as intraspecies homologs), among other types of conservation (Koonin, Mushegian, and Rudd 1996) .
On these grounds, and taking advantage of the large number of sequences available for human nuclear receptors, nuclear-receptor factors, and nuclear-receptor-like orphans (Bairoch and Apweiler 1997) , we conducted a study focusing our attention mainly on intraspecies similarities of the LBD. By aligning NTD, DBD and LBD subsequences, we infer ancient evolutionary events, such as assemblies of blocks and/or modules, and we can trace the common ancestries of contemporary members of the cluster if we move far enough back in the animal kingdom evolution. We also propose a hypothesis that may explain the cellular structural constraints related to the recently formulated evolutionary model that combines protein secondary structure and amino acid replacements (Thorne, Goldman, and Jones 1996) .
Materials and Methods
Protein sequences were imported from on-line releases available in current databases using the Sequence Retrieval System (SRS) at EMBL in Heidelberg (http:// www2.no.embnet.org/srs/srsc). Two sets of 30 and 8 human sequences were taken from the Swiss-Prot protein sequence data bank and from its supplement, TrEMBL (Bairoch and Apweiler 1997) , respectively. Structurally, orphan receptors were detected when protein sequences and translated open reading frames from DNA sequences were submitted to homology search using the program BLAST, available in the GCG software package, version 8.0 (Genetic Computer Group, University of Wisconsin, Madison). Redundant entries were removed from the sample, and when there were different alternative splicings, only one possibility was taken. The final working database consisted of 38 human sequences, whose names and functional descriptions are given in table 1. For simplification, we omitted the signature ''HUMAN'' from the text, tables, and figures of this paper.
The DBD was detected in each sequence by first locating of all Cys residues. The sequence before the first conserved Cys was extended by 10 residues, and the sequence after the last conserved Cys was extended by 25 residues; in this way, the multialignment was of 100 residues, and the paralog trees gained in robustness. The LBD was detected in each sequence from previous alignments (Wurtz et al. 1996) and by looking for the motif [(F,W)AKXXXXFXXLXXXDQXXLL] which is part of the so-called TI domain (which also includes H3 and H4-H5). This motif has previously been used to define an LBD-specific signature (Wurtz et al. 1996) . The connection between H1 and H3 appears to be variable in length and conformation, so only helices from H3 to H12 were considered.
Multiple-sequence alignments of DBD and LBD were carried out by applying the Clustal algorithm (Higgins, Desmond, and Sharp 1989) and using the commercial program MEGALIGN, version 3.07, from the Lasergene software package (DNASTAR, London, U.K.) in a Macintosh LC 475. Some gap positions had to be corrected manually. The TAF-2 region in the C-terminus of the LDB, which contains an invariant glutamic acid residue flanked by two pairs of hydrophobic residues and is necessary for hormone-dependent transcriptional activation (Danielian et al. 1992) , was used as anchoring point to align the C-terminus.
Initial homology trees and similarity indices (SIs) from these segmental sequences were worked out by applying MEGALIGN subroutines which calculate the SI parameter between two sequences using a standard method (Wilbur and Lipman 1983) with values for the gap penalty, the K-tuple, the number of top diagonals, and the window size of 3, 1, 5, and 5, respectively. The SI is calculated as the number of exactly matching residues in this alignment minus a ''gap penalty'' for every gap. The result, then, is expressed as a percentage of the shortest sequence length. The multiple-alignment parameters (fixed and floating gap penalties) both had a value of 10. The protein weight matrix was PAM 250. We calculated the paralog clusters using the neighbor-joining method and 1,000 bootstrap replicates with the CLUSTAL W program, version 1.7 (Thompson, Higgins, and Gibson 1994) , and rooted all the trees between subfamilies (SFs) II and V, following the suggestion of Escriva et al. (1997) , which positioned the origin of the superfamily between these two SFs.
We studied the possible modular assembly of the NTD (a highly variable region of the nuclear receptor) by comparing protein subsequences with the Swiss-Prot database and its supplement, TrEMBL, using the mail-FASTA Service at EBI (fasta@ebi.ac.uk). The protein subsequences for the NTD were assigned as going from the first residue to the one before the first conserved cysteine in the DBD.
Secondary-structure predictions for all 38 LBD sequences were made using the EMBL server PredictProtein (http://www.embl-heidelberg.de/predictprotein/ predictprotein.html), which incorporates neural network training as well as the MAXHOM multiple-sequence alignment procedure (Schneider and Sander 1996) . Secondary structures were aligned with the program SE-CALIGN (written in FORTRAN 77) in the following way: each amino acid in the alignment was substituted with its secondary-structure prediction, and the gaps were mantained. The known secondary structures of the LBD of the rat thyroid and of the human retinoic RAR and RXR receptors were introduced. The helical regions in the multialigment were defined as the long regions that contain a known ␣-helix as secondary structure. In order to determine the relative positions of hydrophobic and hydrophilic amino acid residues within segments of the LBD sequences, we developed an original binary patterning analysis based on two programs written in FORTRAN 77. The program PHILPHOB was used to change the hydrophilic residues (K, R, H, D, E, N, Q, S, T, C) to 1 and the other 10 residues, mostly hydrophobic (A, I, L, M, V, F, Y, W, P, G), to 0 in the multialignment. The program PATTERN5 was used to count the number of patterns of length 5 in the predictable helical regions of the LBD.
The theoretical probability of finding a characteristic pattern of length 5 with a characteristic number of hydrophilic residues, q N , was calculated as follows:
where N 1 is the total number of hydrophilic residues, N 0 is the total number of hydrophobic residues, N t is the total number of residues, and N is the number of hydrophilic residues in a characteristic pattern. In order to study the significance of deviations for the experimental values with respect to the theoretical probabilities, a normal distribution was made equivalent to a binomial distribution, and the mean value (M) and its theoretical standard deviation, () were calculated as:
where N S is the total number of patterns of length 5. These values were calculated in the individual helical regions, as well as in all the helical regions together, and compared with the experimental numbers of the patterns. In a binomial distribution, experimental deviations from M of 1.645, 1.96, and 3.00, which correspond to 95.0%, 97.5%, and 99.87% reliability, are not considered to be simple statistical ones.
Results and Discussion
The Central Cysteine-Rich DNA-Binding Domains of All Molecular Species are Very Similar
The DBD is a highly conserved region in all nuclear receptor molecules. Two subsequences of DBD are important: the P-box for DNA recognition (Laudet et al. 1992) , and a consensus dimer interface including two consecutive segments-a loop between zinc ligands Cys50 and Cys56, as well as residues between zinc ligands Cys56 and Cys66 (Schwabe, Chapman, and Rhodes 1995) . The domain also contains nine invariant cysteines, eight of which are involved in zinc coordination to form a characteristic two-finger structure.
In our DBD multialignment, 2 of the 38 sequences were not considered: SHP, which lacks the conserved DBD (Seol, Choi, and Moore 1996) , and DAX1, which has a new DBD whose sequence does not greatly resemble those of other family members (Zanaria et al. 1994) . It is interesting to note (see fig. 5 ) that the two excluded orphan receptors form a subcluster in the LBD paralog tree. The multialigned domain is shown in figure 1. It is rich in basic amino acid residues (about 12% in each DBD subsequence); 19 of the 100 residue positions are invariant, 6 positions contain conservative residues (4 aliphatic and/or aromatic residues, 2 basic ones), and 3 other positions share only Ala, Ser, and Thr. The SIs vary within the interval between 28.2 and 95.1 (results not shown).
A paralog clustering tree of DBD can be seen in figure 2. It is different from ''phylogenetic trees'' reported earlier for the nuclear receptor superfamily (Laudet et al. 1992; Detera-Wadleigh and Fanning 1994) , since all protein sequences belong to the same species (Homo sapiens). Figure 2 shows the existence of 16 tuned subclusters that account for 1-4 grouped DBD sequences. It can be seen that some of them are closely clustered, whereas others appear to be more distant. In any case, the more receptors or orphans there are, the more complex the clustered tree will become. Nevertheless, the main features of the tree will possibly be preserved. Grouped neighbor clusters match the six SFs recently described by Escriva et al. (1997) , the only exception being SF-I, which is divided into two separate groups. This exception does not seem to be important if we consider that the external branches of the DBD tree are not robust.
The Ligand-Binding Domain of All Molecular Species Constitutes a Paralog Domain Cluster
The 38 segments corresponding to the LBDs were multialigned, and the results are shown in figures 3 and 4. In a few sequences, there is a linkage segment that joins residues which are multialigned in both figures (LQKILTTRRRETGGNEPLPVPTL for DAX1 is alignable with LKKILLEEPSSSGGSGQLP for SHP, and in this case is followed by a deletion of 13 residues; and IVNHLQN for TR4 is alignable with FVNCLHN for TR2). Including the four insertions observed in DAX1, SHP, TR2, and TR4, the linkage segment does not affect any observed ␣-helix (i.e., the segment is located between helices H4-H5 and H6). Figure 3 shows the multialignment of the 38 LBD subsequences (with a length of 68 residues) which make up the H3 and H4-H5 helices. This is the most conserved zone of the LBD. The TI domain is a subzone of the LBD of some 40 residues, which shares helices H3 and H4-H5, and it is involved in the ligand-dependent regulation of transcription (Laudet et al. 1992) . A second subzone, called LZ-1, which overlaps with the TI domain and makes up the whole H4-H5 helix, has been reported as a putative region responsible for the interaction with chaperonin HSP90 (Schwartz, Mizukami, and Skafar 1993) . The indices of similarity for the whole 68-residue subsequence range from 30.2 to 98.2 Figure 4 shows the multialignment for the LBD from the first residue after the linkage segment to the end of the whole sequence. Some variations at the C-terminal end can be observed; however, the only sequences which lack the last helix (H12) are EAR1 and BD73, both of which belong to the same subcluster.
The linkage segment, which joins the 68-residue subsequence to the rest of the LBD, could be considered a splice junction shadow, presumably reflecting the existence of a structural block boundary which was used in the course of evolution to construct new proteins (Strelets and Lim 1995) and, in the present context, to construct new nuclear receptor molecules. Short insertions/deletions (Pascarella and Argos 1992) , also reflecting putative splice junction shadows, can also be observed between helices H8 and H9, H9 and H10-H11; and H10-H11 and H12. In all cases, the splice junctions do not affect the secondary structures of the blocks in between.
The paralog clustering tree for the whole LBD is presented in figure 5 . Comparisons with the DBD tree (see fig. 2 ) show that the same 16 subbranches exist in all cases with high bootstrap values (higher than 885 in all subbranches). The 16 subbranches are made up of: RRA1, RRB2, and RRG1; EAR1 and BD73; PPAR, PPAS and PPAT; ROR1 and RORG; THA1 and THB1; ANDR, GCR, MCR, and PRGR; ERR1, ERR2, and ESTR; VDR and MB67; NER and LXRA; ARP1, COTF and EAR2; TR2 and TR4; HNF4; RRXA and RRXB; MINOR, NOT, and NGFI; SF1; GCNF. In addition to the coincident 16 subbranches, there is another one, formed by DAX1 and SHP, which can be seen in figure 5; these two sequences lack both the NTD and the DBD, and contain the large insertions described above.
Using mixed orthologous and paralogous proteins, Gronemeyer and Laudet (1995) defined five nuclear receptor SFs. More recently, Laudet's group (Escriva et al. 1997) concluded that six SF's describe the whole complement of nuclear receptors and nuclear-receptor-like orphans within the animal kingdom. Taking this into account, we felt it would be interesting to match the 18 clusters with the SF described by Escriva et al. (1997) . SF-I, SF-II, and SF-IV correspond to three robust internal branches in our tree, and SF-V and SF-VI correspond to single nuclear factors SF1 and GCNF, respectively. It is interesting to note that SF-III, corresponding to the clusters ESTR, ERR1, ERR2 and MCR, GCR, PRGR, ANDR, has a low bootstrap value. Taking into account the robust branch between SF-I and SF-IV, they appear to be related.
The coincidence in the subclusters and SFs between the DBD and LBD trees indicates that all primary blocks (forming the DBD and LBD) coevolved in a process of parallel independent divergence (including gene duplications) of the pleiad of genes that constitute the paralog cluster. Figure 6 shows the dendrograms for blocks located between the putative splice junction shadows. Although (Escriva et al. 1997 ) can be observed. Subfamiliy I is divided into two separate groups. the dendograms are not very robust because of the short lengths of the segments, it is interesting to note that the same 17 subbranches and some SFs (SF-I in the first and third dendograms; SF-II in the first and fourth dendrograms; SF-III in the fourth dendrograms; SF-IV, SF-V, and SF-VI in all dendrograms) described for the LBD paralog tree are also observed in the four dendrograms.
Multialignment of LBD Secondary Structures Argues in
Favor of a ''Mainly ␣-Helical'' Canonical Structure for the Paralog Cluster Figure 7a and b shows the multialignment of the two repetitive secondary structures (H and E); blank spaces indicate residues which were not predicted by the EMBL server as repetitive secondary structures, and straight lines indicate gaps in the sequences. The results shown in the figures indicate that all members of the cluster have a common (canonical) structure. Despite the large overall differences among the 38 sequences, the predicted helices consistently multialign (in size and location) with helices described from the three resolved structures (empty rectangles in the figures). RRB2 and THB1 were crystallized bounded to ligands, whereas RRXA was ligand-free. Therefore, the differences observed in H10-H11 and H12 between the predicted and the determined structures of RRXA are attributable to the conformational change when the ligand binds to the receptor.
It is interesting to note that a few ends of the helical regions are predicted to be extended structures (␤-strands). This effect is visible in H3 (PPAR, PPAS, PPAT, and ROR1); in H4-H5 (BD73, ROR1, RORG, PPAR and VDR); in H8 (in two of the crystallized receptors [RRB2 and RRXA], as well as in many others and always at the C end of the helix); and in H10-H11 in two of the crystallized receptors [RRB2 and THB1], as well as in EAR1, MINOR, NER, NGFI, NOT, and VDR and always at the C end of the helix). Since the predictive procedure used (Schneider and Sander 1996) has an expected overall three-state accuracy of 72.1%, the few deviations observed from the known homologs (RRB2, RRXA, and THB1) are fully acceptable. Furthermore, the general secondary structures of all members of the paralog cluster fit within this new folding (the antiparallel ␣-helical sandwich), which belongs to the ''mainly ␣-helical'' structural class. This is surprising and shows that there is probably a canonical structure for the whole cluster.
Recently, several studies have addressed the polar/ nonpolar periodicity (binary patterning) in the amino acid sequences of proteins (West and Hecht 1995; Xiong et al. 1995) . These authors concluded that among ␣-helices of natural proteins, the most commonly used binary patterns are those that match the structural repeat of an idealized amphiphilic ␣-helix (3.6 residues per turn). We used a simple procedure (described in Materials and Methods) to analyze the binary patterns of the predicted ␣-helices. For this purpose we used a reference sample formed by a high-quality, low-sequence-redundance set of 1,447 ␣-helices, taken from a PDB Select release (pdbselect.1997-Mar-23) (Hobohm et al. 1992; Hobohm and Sander 1994) and available in our group. As table 2 shows, from 32 possible pentapeptide patterns, 11 deviate positively (with a high level of statistical significance), 17 deviate negatively, and 4 are statistically indifferent, when compared with the theoretical probability of finding a characteristic pattern.
The results in the second row of table 2 account for helices in the LBDs of nuclear receptors from H3 to H12, taken as a whole. It is interesting to note that 10 amphiphilic pentapeptide patterns deviate positively and are included within the 11 positive ones observed in the reference sample. It can be concluded that the coincidence of the binary patterning is very good. The same table also shows results of the binary pattern analysis for each ␣-helix in the cluster. In this case, the sample size decreases substantially; therefore, the loss in accuracy of results, mainly for the short helices (H6 and H12), must be taken into account. The table shows that 44, 5, and 12 positive patterns out of 61 concide with positive, indifferent, and negative patterns, respectively, in the reference sample. Furthermore, 8 of 12 positive patterns which are negative in the reference sample are concentrated in only two helices: H4-H5 and H8. Therefore, we conclude that all LBD helices other than H4-H5 and H8 fit well if they are compared with the amphiphilic pentapeptide patterns found in the reference sample.
Of the two ''odd'' helices, H4-H5 appears to be highly hydrophobic (positive ''odd'' patterns are 00001, 10000, 10100, and 11000), whereas H8 appears to be half hydrophobic and half hydrophylic (positive ''odd'' patterns are 10000, 10100, 11100, 01111, 10010, and 11110). These results are consistent with the location of these two helices within the 3D structure that has been described by Bourguet et al. (1995) (buried) in a three-layer structure between H1, H2, and H3 on one side and H6, H7, and H10 on the other. The same authors indicate that the N-terminal part of H11 is also sandwiched between the two external layers, which would explain the ambiguous results found in our binary patterning analysis (table 2) for H10-H11, in which 7, 2, and 2 of the 11 positive patterns coincide with positive, indifferent, and negative patterns, respectively, in the reference sample.
Although the similarity among the different LBD subsequences is very low, our results strongly suggest that both the secondary structure (in the form of ␣-helices) and the ␣-helical binary patterning are preserved. Therefore, we postulate that the amino acid replacements throughout the evolutionary process are not merely adaptive episodes in relation to the environment, but a chain of events that allows a canonical secondary structure (and, as a consequence, a canonical tertiary folding) to remain unchanged.
Out of the context of the main object of this paper (i.e., the establishment of linkages between molecular biology approaches and hypotheses on evolutionary events of paralog clusters), we would like to point out the utility and simplicity of our binary patterning analysis for determining whether helices are canonical (i.e., predominantly amphipathic) or whether they have detectable anomalous characteristics in a multialignment of predictible helices.
The Origin of the N-Terminal Transactivation Domain
There are two main features of the different NTD sequences of the human paralog cluster of nuclear receptors: they have a wide variety of lengths (from 10 to 603 residues), and they are apparently not homologous to each other. It has been demonstrated that some nuclear receptors (progesterone, estrogen, and glucocorticoid receptors) activate transcription by enhancing the formation of stable preinitiation complexes at their target promoters (Tsai and O'Malley 1994) . The differences in the sizes of these NTD sequences, as well as the activation of multiple transcription initiation sites in some genes of the cluster to generate, by alternative splicing, size-variable isoforms (PRGR, ROR1, RRA1, RRB2, RRG1, RRXB, THA1, THB1, TR4), suggest that these forms might be involved in differential gene regulatory activities in cells (Tsai and O'Malley 1994) .
It is difficult to assess with certainty the extent of the hinge region between the DBD and the NTD. We performed a differential analysis by drawing dendrograms using a limited number of residues at the frontier of the DBD and the NTD. Our conclusion is that the hinge region must be extremely short (possibly Յ5 residues).
The Lipman and Pearson subroutine (DNASTAR) was used to make a pair analysis of all members belonging to different subclusters, and it revealed that they are not significantly homologous, thus confirming our findings that the 16 subclusters are of different origins and divergences.
Although the size of the NTD is extremely variable, the sequence analysis reveals that members belonging to the same subcluster quite often have comparable, although not similar, sizes (at least in 9 of the 16 subclusters). They also show detectable similarities in sequence (found in subclusters ARP1 and COTF; BD73 and EAR; LRXA and NER; MINOR, NGFI, and NOT; ROR1 and RORG; RRA1, RRB2, and RRG1; RRXA and RRXB; THA1 and THB1; and TR2 and TR4). The similarities in size and sequence are not detectable when different subclusters of the same SF are compared, which shows that the evolution in this domain was complex. Table 3 shows the main characteristics of size and similarities. In this table, a considerable number of similarities among NTD sequences of the same paralog tree subbranch can be seen.
The Three Domains Throughout the Analysis of Ortholog Molecular Species
We observed a great homology of DBD and LBD sequences throughout orthologs, even in comparisons made between mammals and birds (results not shown). Our studies on ortholog similarities for the NTD are shown in table 4. In general, nonsilent mutations in ortholog genes are more frequent in the gene segment that codes for the NTD than in other parts of the coding region; in this respect, the SI values for mammalian NTD orthologs range between 70% and 100% in sequences of similar, if not identical, size.
Conclusions and Speculations
The human multibranched paralog cluster that is made up of all known nuclear receptors, nuclear-receptor factors and nuclear-receptor-like orphans reflects the existence of a complex network of functionally homologous contemporary proteins involved in human liganddependent gene activation. So far, nuclear receptors are known to be present in some invertebrates (Equinodermata, Helminthes, and Arthropoda), as well as in vertebrates (Pisces, Amphibia, Aves, and Mammalia). However, from ortholog analysis of the superfamily members found in databases, it seems that the appearance of numerous nuclear receptors is a characteristic of mammals, presumably due to the necessity for species of this order to diversify the functional roles of gene transcriptional control. The overall resemblance among nuclear receptors from vertebrates and invertebrates, as well as the fact that nuclear receptor orthologs from vertebrate species of different orders strongly resemble one another, argues that the modular association of the three FIG. 5.-Paralog clustering tree of the 38 LBD subsequences. A total of 1,000 bootstrap replicates were performed, and the bootstrap values are indicated above each branch. All six subfamilies (SFs) recently proposed (Escriva et al. 1997 ) and the same subclusters defined in figure 2 can be observed.
6.-Dendrograms of four blocks that belong to the LBD subsequences from the human nuclear-receptor paralog cluster. One block corresponds to the whole multialignment of figure 3A and the other three to three subsequences of the multialignment shown in figure 3B ; the three blocks are identifiable, because they are separated by insertions/deletions and contain helices H6 to H8, H9, and H10 to H12, respectively. A total of 1,000 bootstrap replicates were performed, and the bootstrap values are indicated above each branch. All dendrograms show the same 17 tuned subclusters displayed in figures 2 and 5.
domains has an origin which is located at some point in the evolutionary branch from which vertebrates and invertebrates diverged. This view is fully consistent with the results of Escriva et al. (1997) , who found nuclear receptor members of SF-II and SF-V in lower metazoans (Cnidarians and Platyhelminthes). According to Escriva et al. (1997) , the present nuclear receptor diversity arose from two waves of gene duplications.
From our studies on NTD sequences, it could be inferred that, in the latest period of its evolutionary history, the NTD coevolved whith the other two domains in the form of a joined gene; however, prior to this pe- Table 2 Binary Pattern Analysis of Helices Located at the LBD from the Human Nuclear-Receptor Paralog Cluster riod, each NTD-coding DNA of the paralog cluster already existed as part of the coding region of an ancestral gene. We were unable to find in current data banks (results not shown) sequences which were homologous to NTD but did not form part of a nuclear receptor sequence. This probably reflects an evolutionary situation in which the present NTD-coding DNA subsequences were originated from single copies of ancestral genes which no longer exist in the modern genomes. Further evolutionary events (which may conceivably be gene duplications, NTD modular replacements, insertions and/or deletions [mainly at the NTD], or fast divergent evolutionary processes) configured paralog gene clusters in mammalian species in such a way that the derived proteins would carry out sophisticated-as well as differentiated-functional roles as nuclear receptors. We should point out the presence in LBD of putative ''splice junction shadows separating evolved structural blocks'' (Strelets and Lim 1995) . Segmental paralog trees reveal that the same 17 subclusters found for the whole LDB are detected for each block. In each member of the cluster, the evolutionary trace delineates a nonshuffled modular fusion of the LDB blocks and provides a ''tandem set of closely packed, helical modules'' (Bazan 1996) as a result of evolutionary events. Such events would allow the folding subclass (the antiparallel ␣-helical sandwich) to remain unchanged and maintain a functional role of the structure of the LBD.
The paralog cluster studied in this paper still offers several evolutionary dilemmas, such as the variability in length and in primary structure of the NTD, the considerable differences in evolutionary pressure on the central and C-terminal domains, and the surprising preservation of the LBD secondary structure. This last point can be seen in the three structures resolved so far, and can also be deduced from our coherent predictive studies for the remaining 35 structures, which suggest that the evolutionary process of the cluster involves its members adapting themselves to a canonical structure, as has been recently proposed (Wurtz et al. 1996) .
The harmonization of a great deal of LBD sequences, which are all very different from one another but have similar secondary structures, is an issue that requires explanation. It has been theorized that ''multicellular eukaryotes have evolved complex homeostatic mechanisms that buffer the majority of their cells from direct interaction with the external environment'' (Hickey, Benkel, and Magoulas 1989) . Following this line of thought, we would like to propose a general hypothesis for the nuclear-receptor paralog cluster to explain the preservation of a canonical secondary structure for all members of the cluster. This hypothesis is based on several considerations:
1. An endogenous cellular device exists that regulates ''short-term microevolutionary changes'' (Hickey, Benkel, and Magoulas 1989) . This device is made up of molecular chaperones-subjected to different evolutionary constraints-which bind to any expressed LBD nuclear receptor, by capturing the in situ salient conformers (within the specialized cells) whatever their molecular architecture may be. According to a recent proposal about the strategies adopted by particular groups of vertebrates, the development of this device for optimizing protein folding was probably an early and significant evolutionary event (Todd, Lorimer, and Thirumalai 1996) . 2. Maintaining the three-dimensional architecture of a given protein-in our case, the nuclear-receptor LBD-is primarily a matter of preserving its secondary structure, mainly by preserving characteristic hydrophobic/hydrophilic patterns. Unwanted mutations may change any one of these patterns in such a way that the secondary structure of the nascent polypeptide is no longer canonical. In such a situation, recognition constraints in the constitutive molecular chaperones lead to the polypeptide being rejected as a functional molecule, and therefore it is discarded. As reviewed, the chaperonins discriminate between properly folded versus misfolded proteins, and they increase the yield of correctly refolded polypeptide chains (Ellis and Hartl 1996; Welch and Brown 1996) . 3. The emergence in mammals of a sophisticated physiological system, in which the pleiad of nuclear receptors and their ligand molecules are important pieces for gene regulation, correlates with the necessity of having available all the nuclear receptor molecules that are necessary for the physiological interplay that regulates a great number of essential functional roles in cells of different tissues within the organism. The lack of one or more of these nuclear receptors leads to the nonviability of a given individual, thus contributing indirectly to natural selection. 4. Those mutations that do not involve changes in the canonical secondary structure of the LBD protein receptor are, in principle, acceptable by molecular chaperones. However, if the hydrophobic pocket becomes nonfunctional because of the complete or partial loss of its capacity to recognize the ligand, there may be a dysfunction of the whole molecule. The pathogenicity of mutations for the LBD androgen receptor is a good example of such clinical phe-notypes of affected human individuals (Gottlieb et al. 1997 ). 5. If one moves far enough back in evolution, all members-as far as DBD and LBD subsequences are concerned-of the human nuclear-receptor paralog cluster apparently share common ancestries. Before a member of the cluster enters the paradigm of mammalian homeostatic physiology, if the canonical polypeptide architecture remains unchanged, mutational variations are accepted by molecular chaperones whatever the primary structure changes may be. In this way, molecular divergence, including possible gene duplications, would take place, and new, evolved molecules would play an unknown role within cells. Since the two zinc fingers are already present in the evolving molecule, the postulated role is probably related to primitive, unspecific, and inefficient gene control. However, once the evolved protein finds a proper ligand, it acquires a new and precise functional role as a specific gene regulator. 6. As was indicated some years ago (Hickey, Benkel, and Magoulas 1989) , ''in multicellular eukaryotes long-term adaptations are generally achieved by modulating the developmental profile and tissue specificity of gene expression.'' Along the same lines, we postulate that the functionally evolved molecule becomes a key mediator in the intercellular ligand-inducible transcriptional system. In this way, the network of molecular mechanisms accounting for development and physiology increases in sophistication, and the organisms become more adaptive to the environment.
Csermely's (1997) recent views on the role of chaperones in evolution reinforce our hypothesis, since he considers these molecules ''mandatory for the evolution of our present-day catalysts.'' Our speculations take into account both the singular properties of chaperones (which take care of the folding quality of nascent polypeptides within the cell) and the preservation of the secondary structure for a large protein cluster (independent of mutational events which may only affect the primary structure of proteins). In this context, our proposal focuses on the recent neutralist-selectionist ''debate'' between Tomoko Ohta and Marty Kreitman (Ohta and Kreitman 1996; Dover 1997) .
